Abstract: A comprehensive investigation was conducted into the effect of oxides on penetrations, microstructures and mechanical properties of BS700MC super steel weld bead. Boron oxide changed the penetration of weld bead by changing the Marangoni convection in the weld pool and contracting the welding arc. Chromium oxide only changed the Marangoni convection in the weld pool to increase the penetration of super steel. Thus, the super steel weld bead has higher penetration coated with flux boron oxide than that coated with chromium oxide. In other words, the activating flux TIG (A-TIG) welding with flux boron oxide has less welding heat input than the A-TIG welding with flux chromium oxide. As a result, on the one hand, there existed more fine and homogeneous acicular ferrites in the microstructure of welding heataffected zone when the super steel was welded by A-TIG with flux boron oxide. Thus, the weld beads have higher value of low-temperature impact toughness. On the other hand, the softening degree of welding heat-affected zone, welded by A-TIG with flux boron oxide, will be decreased for the minimum value of welding heat input.
Introduction
Gas tungsten arc welding produces high-quality welds, so it is applied in almost all kinds of metal construction, but the shallow penetration restricts its ability to weld thicker structures in a single pass; this causes the productivity to be relatively low [1, 2] .
Activating flux TIG was first invented in the 1960s by researchers at the Paton Electric Welding Institute in Ukraine [3] . It is a method that can improve weld penetration by brushing a thin layer of activating flux onto the surface of the weld bead before welding with conventional TIG. A-TIG welding, compared with conventional TIG welding, provides an advantage, which is that the penetration and productivity can be increased one to three times. This means that, for plates that are 3-10 mm thick, groove preparation is not needed [4, 5] .
Metal oxides and nonmetal oxides are the two main kinds of activators used in A-TIG welding. The substrates could get less weld heat input coated with metal oxides or nonmetal oxides compared to conventional TIG by increasing the penetration of the weld. Thus, the microstructures and mechanical properties of the weld may be improved. Even many investigations of the mechanism and the application technology of the A-TIG process have been made and the two representative theories are arc contraction and reversal of the Marangoni convection in the weld pool [6, 7] . However, there is still no common agreement about the A-TIG mechanism.
Consequently, boron oxide and chromium oxide are chosen as the research object in this paper in addition to a systematic study into the effect of activators on penetration, microstructures and mechanical properties of weld joints.
Experimental procedures
The 800 MPa BS700MC super steel scaled 300 mm × 150 mm × 5 mm and 80 mm × 50 mm × 5 mm in bulk was used as a base plate in the study. The chemical composition of BS700MC super steel is shown in Table 1 .
In order to study the effect of boron oxide and chromium oxide on molten pool convection direction, the workpieces (80 mm × 50 mm × 5 mm) were milled to create two 1-mm-width grooves, each of which was 1.5 mm away from the center of the plate. Because the melting point of tungsten is higher than that of high-strength steel, two 1-mm-thick tungsten plates were inserted into the grooves to block the flow of weld pool in the upper section. Three groups of activating fluxes were made, one consisting of the trace element tungsten and flux boron oxide (weight ratio 1:1), the other containing the trace element tungsten and flux chromium oxide (weight ratio 1:1), and the last one only containing the trace element tungsten. The element tungsten was selected due to its high melting point, which allowed its distribution in the weld to be easily measured.
The substrates were grounded with sand paper and then cleaned with acetone to remove any organic elements, such as oily soil. Then, the substrates were dried to prevent the negative effect of water on the results. The fluxes were mixed with acetone and applied manually with a brush in a layer thick enough to prevent the visual observation of the base metal, as shown in Figure 1 . The specimens were welded along the center line of the plate. Table 2 lists the welding parameters used in the experiments.
At the same welding parameters (as shown in Table 2 ), the images of the electric arc for TIG welding, both with and without activating, were obtained using a high-speed camera (Mega Speed CPL-MMS25K) and stored in a computer with a frame grabber. The acquisition speed was 125 f/s, and the time interval between each two pictures was 8 ms. During welding, the arc voltage was continuously monitored using an Analysator Hannover. After welding, the penetration of three specimens' weld beams was observed using an Olympus GX51 optical microscope (OM).
The welding parameters were changed to receive the same penetration with different activators. The specimens were cut for impact tests, tensile tests and metallographic observations using corresponding standards [8, 9] . Samples were mounted, polished and etched using a 4 % nital in line with standard procedures and then subjected to further investigation using the Olympus GX51 Table 1 : Chemical composition of BS700MC super steel (wt %). OM and S4800 scanning electron microscope (SEM).
Microstructures of sample fractures were characterized by SEM after tensile test and impact test. And the distribution of the element tungsten at both sides of the tungsten plate was measured by an electronic probe. The as-prepared standard tensile samples were measured on a WE-1000B tensile machine with 1 mm/min crossbeam velocity at room temperature. Conducted at -20°C on a drop-weight-impact tester instrument from the XJL 300B series, the microhardness of the welding heataffected zone was measured by an MHV2000-type digital microhardness tester with a 100 g load and 10 s dwell time; the distance between the two points was 0.2 mm.
Results and discussion

Effect of activators on penetration of weld bead
The macroscopic morphology of the weld beads of the welded joints is illustrated in Figure 2 . As shown in Figure 2 , the values of the penetration of A-TIG welding were apparently higher than those of conventional TIG welding. The weld penetration reached the maximum under the A-TIG welding with boron oxide; thus, the 5-mm-thick steel plate could be penetrated at 180 A welding current. Many investigations of the mechanism and application technology of the A-TIG process have been conducted, and two representative theories remained: the arc contraction theory and the reversal of the Marangoni convection in the weld pool [6, 7] . However, there is still no common agreement about the A-TIG mechanism.
In this study, the arc voltage of A-TIG welding with flux boron oxide, compared with that of conventional TIG welding, increases obviously; these results are shown in Figure 3 (a). However, when using chromium oxide, the arc voltage shows no notable changes during the welding process, as shown in Figure 3(b) .
Many researchers have concluded that the arc voltage is higher with nonmetal oxides than with metal oxides [10, 11] . An increase in voltage first suggests that weld pool formation occurred only after the flux layer had been broken up and possibly removed from the arc column. Note that this process of displacing the flux, either by vaporization or fluid flow, is energy consuming. The electric current density will increase to achieve greater energy if the other welding parameters do not change; thus, the arc pressure is higher with nonmetal oxides than with metal oxides. Hence, the morphology of arc will migrate from the side with nonmetal oxides to the other side that does not contain activators, as shown in Figure 4 (a). 
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However, the morphology of the arc with metal oxides will not change during the welding process, as shown in Figure 4(b) .
Generally, surface tension decreases with increasing temperature; in other words, ∂σ/∂T < 0 for a pure metal and many alloys, as shown in Figure 5 (a). In the weld pool for such materials, surface tension is higher in the relatively cooler parts of the pool edge than it is in the pool center under the arc. Hence, the fluid flows from the pool center to the edge, and the heat flux easily transfers to the edge and forms a wide and shallow weld shape as shown in Figure 2(c) . Negative Marangoni will result in more element tungsten distributed near the edges of the weld fusion zone than in the center, as shown in Table 3 .
Heiple and Ropper [12, 13] proposed that some active elements, such as O, S and Se, can change the temperature coefficient of surface tension for iron alloys from negative to positive (∂σ/∂T > 0) when their quantity surpasses a critical value, as shown in Figure 5 (b). In this case, the Marangoni convection on the pool surface is changed from an outward to an inward direction, and a relatively deep and narrow weld shape is obtained as shown in Figure 2 (a) and (b). Positive Marangoni will result in the more element tungsten being distributed in the center of the weld fusion zone than that at the edges, as shown in Table 3 . Table 4 illustrates the values of yield strength, tensile strength and low-temperature impact energy of welded parts with different activators. As can be seen in Table 4 , the values of tensile strength, yield strength and lowtemperature impact energy of conventional TIG weld beam are less than that of A-TIG with boron oxide or chromium oxide. And the values of the three mechanical properties of super steel coated with boron oxide are better than others.
Effect of activators on mechanical properties
As the super steel is coated with boron oxide, the microstructures within the weld metal contains large amount of uniform and fine acicular ferrites, as shown in Figure 6 (a). Acicular ferrites have large amounts of grain boundaries, free orientations, high-angle grain boundaries and dislocations, and the micro-cracks will demand more energy to cross the acicular ferrites [14, 15] . Therefore, not only are the acicular ferrites able to enhance strength, but the low-temperature impact toughness can be significantly improved. As the super steel coated with chromium oxide, the content of acicular ferrites is less than that coated with boron oxide, and some massive proeutectoid ferrites appeared in the weld metal, as shown in Figure 6(b) . And the proeutectoid ferrites will distribute as thin strips around the austenite grain boundaries when the super steel was welded by conventional TIG, as shown in Figure 6(c) . Thus, the microstructure of weld metal will be divided when the shape of the proeutectoid ferrites is bulk or thin strip. As a result, the value of strength and low-temperature impact energy will be reduced. Figure 6 (d), (e) and (f) shows the SEM micrographs of fractured morphologies after the impact test. Figure 6 (d) and (e) presents typical ductile fracture characterized by large amounts of dimples. However, the size and distribution of dimples vary; further investigations find that many dimples in large size are observed to be present in Figure 6 (d). Due to the ability of these dimples to improve the low-temperature toughness of weld metal deposits [16] , it can be concluded that the sample coated with boron oxide has the highest low-temperature toughness. Meanwhile, the fractured morphology in Figure 6 (f) has some cleavage fracture morphologies. So, the low-temperature impact energy of conventional TIG is less than the above two weld methods.
Hardness, one of the most important indices of mechanical properties, is closely related to its corresponding microstructures [17] . The heat-affected zone directly influences the quality of weld joints, given that it is the most sensitive part of the weld joints. Figure 7 shows the microhardness of the heat-affected zone. As can be seen, the microhardness of each of the relevant three samples obeys the same law. (1) The value of the microhardness of the heat-affected zone is less than the substrate. (2) The heat-affected zone has two softened zones, the first one is the overheated zone near the fusion line and the second one is the incomplete recrystallization zone near the substrate. In addition, Figure 7 shows that microhardness of the heat-affected zone reaches the maximum when the super steel was welded by A-TIG welding with flux boron oxide. The microhardness of the heat-affected zone reaches the minimum when the super steel was welded by conventional TIG welding. Super steel has excellent mechanical properties for grain refinement and quenching and tempering treatment. However, during the welding process, the grain of the welding heat-affected zone will grow during the welding thermal cycle, and the effect of quenching and tempering treatment will also be decreased [18] . Hence, the microhardness and other properties of the welding heataffected zone will decrease accordingly.
The heat input (KJ/mm) was evaluated using eq. (1) [19] :
In expression (1), V is arc voltage, I is arc current, S is welding speed and 0.9 is the arc efficiency. V and S are taken as the constant values in this experiment, and the value of welding heat input depends on the welding current. Figure 8 shows the minimum current required for fusion penetration of three welding methods. The welding heat input reaches the minimum when the super steel is welded by A-TIG welding with flux boron oxide. And the conventional TIG has the maximum welding heat input. Thus, the grain size of welding heat-affected zone after conventional TIG has the maximum among the three welding methods.
The softening of the overheated zone, as shown in Figure 7 , occurs mainly because the peak temperature of the overheated zone is too high, and the residence time is so long that the amount of melted alloy elements and their compounds becomes higher. As a result, the degree of segregation of the alloy elements and their compounds becomes higher after refrigeration. The segregation of alloy elements, their carbides and a large amount of dislocations will weaken resistance to deformations and cracks, so the microhardness of the overheated zone is lower than the substrate [20] . The softening of the incomplete recrystallization zone is caused by the following two reasons [21] : (1) The dislocation density that is used to control rolling and low-temperature phase transition declines and (2) a large amount of deformed grains is transformed into equiaxed grains by recrystallization under the welding heat, although phase transition of the microstructure in the grains does not occur, and the size of the grains changes little. Therefore, the effect of the work expended for the hardening and deformation-strengthening of parts of the grains by thermodynamics rolling technology is weakened to a great extent. So, the softening area coverage of the welding heat-affected zone is increased.
Conclusions
Under investigation are the penetration, microstructural evolution, strength, low-temperature toughness and generates a large amount of acicular ferrites when the super steel is coated with boron oxide, causing the weld joints to have the maximum value of lowtemperature impact toughness. (3) Adding boron oxide and chromium oxide could significantly reduce the minimum current required for fusion penetration. As a result, the softening degree of the welding heat-affected zone will be reduced for the minimum value of welding heat input.
